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Abstract
A non-precious metal catalytic system of Fe-doped Ta2O5 is developed by pulsed laser deposition toward efficient oxygen evolution reaction
(OER). The optimal Fe concentration is determined to be 5 at.% for optimized OER activity via a series of electrochemical characterizations. The
5 at.% Fe-doped Ta2O5 nanolayer possesses a low onset overpotential of 0.22 V, an overpotential of 0.38 V at 10 mA/cm2 and a Tafel slope of
54 mV/dec. Comprehensive first-principles calculations attribute the enhanced OER activity to the substitutional FeTa dopants, which generate
a new active OER site on surface and simultaneously accelerate electron transfer over oxygens.

Introduction
To meet the challenges of energy crisis and global warming,
efficient and clean utilization of renewable energy sources,
especially solar energy, is a necessity.[1–4] In addition to solar
cell, solar-to-fuel and solar-to-hydrogen conversion, such as
photocatalytic CO2 reduction or water splitting, have recently
attracted enormous interests for producing energy directly
from sunlight and simultaneously storing the energy in the
form of chemical fuels.[2,5] However, the overpotential induced
by the anodic oxygen evolution reaction (OER) is usually much
higher than that of the cathodic reaction (e.g., hydrogen evolu-
tion reaction) and limits the overall efficiency of energy conver-
sion. It points out the prime importance of accelerating the
sluggish OER.[6–11] Moreover, rapid OER also ensures the
high efficiency of water electrolysis and rechargeable metal-air
batteries, further emphasizing the urgency of designing
high-performance OER catalysts.[12–15] IrO2 or RuO2 are
conventional OER catalysts, which are unfortunately not
possible for large-scale applications due to the high cost and
scarcity.[16–19] As a result, searching for earth-abundant alterna-
tives with high OER activity to replace the previous-metal
catalysts forms a hot topic.

Transition metal compounds, particularly oxides/hydrox-
ides of Fe, Co, Ni, Ta, Mn, and Cu as well as their mixtures,
have been reported to be highly active in OER cataly-
sis.[12,20–22] Therein, the OER catalysts involving element Fe
attract tremendous attention owing to the high activity. Burke
et al. report that the composition of Fe in Co–Fe (oxy)hydrox-
ide is critical for optimizing the OER activity.[23] Moreover,
Burke et al.[20] also compare the activities of various mixed

metal (oxy)hydroxide and illustrate the high OER performance
of the catalysts with Fe elements. Friebel et al.[24] identify the
Fe sites in (Ni,Fe)OOH to be highly active for OER through
a combined experimental and first-principles study. Görlin
et al.[25] further propose that metal redox states in Ni–Fe
oxide largely affect the OER dynamics. The above findings
indicate the effective role of Fe to enhance the OER activity
of various transition metal oxides/hydroxides, even though
pure Fe hydroxides are typically poor in OER catalysis.[26]

Recently, we have successfully developed a new OER catalyst
of Ta2O5 nanolayer. It exhibits OER activity comparable with
RuO2 and IrO2 and serves as a promising candidate of econom-
ical catalyst.[12] Considering the interesting feature of Fe for
enhancing the OER activity of transition metal oxides, it is
worthwhile further incorporating Fe into Ta2O5 matrix and
developing an Fe-doped Ta2O5 nanolayer as a conspicuously
new and economical catalytic system toward OER.

Herein, we combine experimental and first-principles study
to design a novel economical catalytic system of Fe-doped
Ta2O5 toward efficient oxygen evaluation. A series of
Fe-doped Ta2O5 nanolayer catalysts with different Fe concen-
trations have been synthesized by pulsed laser deposition
(PLD). We show that the Fe dopants can enhance the OER
activity of Ta2O5 and obtain the optimal amount of Fe concen-
tration via systematic electrochemical measurements. The best
Fe-doped Ta2O5 (5 at.% Fe) OER catalyst exhibits a low onset
overpotential of 0.22 V, an overpotential of 0.38 V at 10 mA/
cm2 and a small Tafel slope of 54 mV/dec. Moreover, first-
principles simulation reveals that Fe dopants generate new
additional active OER sites, which are responsible for the
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enhanced OER activity. Last but not the least, we also investi-
gate the effect of Fe dopants on the electronic property of
Fe-doped Ta2O5 by first-principles approach and discuss the
positive correlation between electron transfer efficiency and
the OER catalytic performance. Our findings enrich the appli-
cations of the earth-abundant Fe element for enhancing the
OER activity of transition metal oxides and pave the way for
future development of economical catalysts toward OER.

Experimental
Deposition of Fe-doped Ta2O5 nanolayer
Fe-doped Ta2O5 nanolayers on carbon cloth were synthesized
by PLD at a temperature of 550 °C under high oxygen partial
pressure of 20 mTorr as in our previous work.[12] A KrF exci-
mer laser was utilized with laser wavelength of 248 nm, energy
density of 1.8 J/cm2, and frequency of 5 Hz. The Fe concentra-
tion was varied from 0 to 10 at.% by using Fe-doped Ta2O5 tar-
gets of pure Ta2O5 (0 at.%), Fe0.04Ta1.92O5 (2 at.%),
Fe0.1Ta1.9O5 (5 at.%), and Fe0.2Ta1.8O5 (10 at.%). The same
PLD conditions were applied for preparing α-Fe2O3 nanolayer
using pure α-Fe2O3 target. The targets were prepared by mixing
appropriate amount of fine Ta2O5 and α-Fe2O3 powder in a
clean alumina mortar, followed by pressing and finally sinter-
ing in air at 1000 °C for 24 h. PLD is able to control the
mass of deposition precisely via deterministic control of depo-
sition parameters.

Materials characterizations
Field-emission scanning electron microscopy (FESEM; Zeiss
Supra 40) was used to image the samples. Transmission elec-
tron microscopy (TEM; JEOL-2010 at 300 kV) was employed
to take side-view high-resolution TEM (HRTEM) images of
Fe-doped Ta2O5 nanolayers. The bonding characteristics and
chemical states of the samples were studied by x-ray photoelec-
tron spectroscopy (XPS; Kratos Analytical, Axis Ultra DLD).
X-ray was generated by a monochromatic Al Kα source oper-
ating at 1486.7 eV. The charging effect was corrected by cali-
brating the C 1s photoelectron peak at 284.6 eV as an internal
standard.

Electrochemical measurements
AVMP3 electrochemical workstation (Bio-logic Inc.) was used
to perform electrochemical measurements. A three-electrode
setup with reference electrode of Hg/HgO (1 M KOH), counter
electrode of platinum and electrolyte of 1 M KOH solution was
adopted for all measurements. The Fe-doped Ta2O5 nanolayer
on carbon cloth samples were directly used as working elec-
trodes. The size of the working electrode is kept at 1 × 1 cm2.
All linear sweep voltammetry (LSV) polarization curves were
measured at a scan rate of 10 mV/s at room temperature with
iR correction. The potential calibration with respect to the
reversible hydrogen electrode (RHE) was performed using
Nernst equation ERHE = EHg/HgO + 0.059 × pH + E0

Hg/HgO,
where pH = 13.7 and E0

Hg/HgO = 0.098 V at 25 °C.

Results and discussion
Fe-doped Ta2O5 nanolayer samples of different Fe concentra-
tions were deposited by PLD on carbon cloth as seen in
Fig. 1(a) and the “Experimental” section. The carbon cloth
with Fe-doped Ta2O5 nanolayer was then directly used as the
working electrode for electrochemical measurement of OER.
Notably, our previous work revealed that only the oxygen-rich
(200) surface of Ta2O5 was active in OER catalysis, so this
work employed identical deposition conditions to produce the
(200) surface of Ta2O5 matrix.[12] Figure 1(b) shows the side-
view HRTEM image of a typical Fe-doped Ta2O5 nanolayer
(5 at.% Fe) of ∼5 nm in thickness. The lattice spacing parallel
to the surface is measured to be ∼0.31 nm, which is in good
agreement with that of the (200) surface of Ta2O5

(ICCD-JCPDS 25-0922).[12] It indicates that (200) surface of
the Ta2O5 matrix forms by controlling the PLD parameters.
In addition, (200) peak dominates in the XRD spectrum
(Supplementary material: Fig. S1) for the 5 at.% Fe-doped
Ta2O5 sample, indicating a (200)-textured crystal phase of
Ta2O5. Furthermore, XPS spectra of Ta 4f and Fe 2p orbitals
are shown to analyze the elemental information of the product
as seen in Figs. 1(c) and 1(d). Ta 4f7/2 and 4f5/2 peaks are well
fitted with Gaussian distribution centered at 26.50 and 28.42
eV respectively as shown in Fig. 1(c). The two peaks exhibit
an energy separation of 1.92 eV suggesting that the Ta2O5

matrix processes strong Ta–O bonds with high quality.[27]

Moreover, Fig. 1(d) illustrates the XPS spectrum of Fe 2p
orbital, in which the two satellite peaks accompanying to 2p1/2
and 2p3/2 peaks are clearly seen. The satellite peak position
beside the Fe 2p3/2 peak is ∼719.0 eV, which is ascribed to
Fe 3d–O 2p hybridization and suggests that Fe is fully oxidized
to Fe3+ in Ta2O5 nanolayer.[28] It is because the sample is
deposited under high oxygen partial pressure to induce the
oxygen-rich (200) surface of Ta2O5 as described in the
“Experimental” section. The above materials characterizations
confirm that thin (∼5 nm) Fe-doped Ta2O5 nanolayer with
(200) surface are successfully fabricated for further electro-
chemical characterizations.

To investigate the effect of Fe dopants on the OER catalytic
activity of Ta2O5 system, electrochemical measurements of
OER were performed for pure Ta2O5, Fe-doped Ta2O5 and
pure α-Fe2O3 samples. Figure 2(a) demonstrates the LSV polar-
ization curves and depicts that the current density increases from
∼74 to 109 mA/cm2 at applied potentialU = 1.73 V (overpoten-
tial η = 0.5 V)with increasing Fe concentration from 0 to 5 at.%.
It indicates that Fe dopants can largely enhance the OER current
density of Ta2O5 system by ∼47%. Interestingly, when the Fe
concentration further increases to 10 at.%, the current density
at η = 0.5 V drops to 78.2 mA/cm2. The trend suggests an opti-
mal Fe concentration of 5 at.% for maximum OER activity.
The drop of activity as a result of the overdoping of Fe can be
because iron oxide itself has poor OER activity and the over-
doped Fe may form iron oxide that decreases the amount of
active OER surface sites in Ta2O5 system.[26] Furthermore, the
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LSV polarization curve for pure α-Fe2O3 possesses extremely
low current density. It confirms that the pure α-Fe2O3 is inactive
in OER catalysis. Therefore, Fe dopants need to be incorporated
into the Ta2O5 matrix for enhancing the OER activity of
Fe-doped Ta2O5 system and overdoping of Fe deteriorates the
OER performance. Figure 2(b) summarizes the onset overpoten-
tial and overpotential at 10 mA/cm2 as a function of Fe concen-
tration. The 5 at.% Fe-doped Ta2O5 possesses the best OER
activity with a smallest onset overpotential of 0.22 V and an
overpotential at 10 mA/cm2 of 0.38 V. Figure 2(c) shows the
Tafel plots derived from the LSV polarizations curves of the
Fe-doped Ta2O5 samples in Fig. 2(a). The trend of Tafel slope
as a function of Fe concentration [Fig. 2(d)] is in alignment
with that of the overpotential [Fig. 2(c)]. The 5 at.% Fe-doped
Ta2O5 sample has a small Tafel slope of 54 mV/dec, indicating
a rapid kinetic OER process. The above trends have been con-
firmed by repeating the synthesis and measurements to ensure
reproducibility. As a result, the electrochemical characteriza-
tions affirm that Fe dopants of suitable concentration effectively
enhance the OER performance of the Fe-doped Ta2O5 system.

To confirm the role of Fe dopants in enhancing the OER cat-
alytic activity, acid treatment was further performed on pure

and 5 at.% Fe-doped Ta2O5 samples by immersing them in
10 mM HCl solution under sonication for 10 min. The acid-
treated samples were then washed with water and dried in 20
mT O2 gas at 300 °C for 30 min to heal the crystallinity.
LSV polarization curves were measured and compared for
the samples with and without acid treatment. Figure 2(e)
shows that the as-prepared and acid-treated pure Ta2O5 samples
have close OER catalytic activity. It indicates that the Ta2O5

matrix is chemically stable and inert in acid. In sharp contrast,
the acid-treated 5 at.% Fe-doped Ta2O5 sample possesses much
lower OER catalytic activity than that of the as-prepared sam-
ple. It can be because Fe–O bonds are less robust than Ta–O
bonds in acid and the acid-treated sample losses Fe dopants
in the surface region when being sonicated in acid. Therefore,
Fe dopants are crucial for enhancing the OER catalytic activity
of the Ta2O5 system.

To understand the mechanism of the enhanced the OER
activity, extensive first-principles calculations are performed
based on density functional theory (DFT). In this work, the
orthorhombic λ-Ta2O5 is adopted as seen in Fig. 3(a) to
study the Fe dopants in bulk and on surface of Ta2O5.

[12,29]

As Fe is fully oxidized to Fe3+ suggested by the XPS analysis

Figure 1. (a) SEM images of the carbon cloth composed of carbon fibers with diameter of 10 µm. (b) Side-view HRTEM image of the 5 nm Fe-doped Ta2O5
(5 at.% Fe) on carbon fiber. (c, d) XPS spectra of Ta 4f and Fe 2p orbitals of the 5 at.% Fe-doped Ta2O5 sample.
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in Fig. 1(d), we focus on Fe substituted Ta (FeTa) dopant with a
high oxygen coordination number of six. In addition, spin-
polarized calculations (Supplementary material: Fig. S3)
reveals that there could be ferromagnetic coupling between
FeTa dopants in Ta2O5 matrix due to Fe 3d–O 2p hybridization,
in good agreement with the XPS analysis [Fig. 1(d)] and
SQUID measurement (Supplementary material: Fig. S3). It
implies that substitutional FeTa dopants dominate in the
Ta2O5 system.

In the (200)-surface-exposed Ta2O5 nanolayer, there are two
possible positions for FeTa dopants, which are in bulk and on
(200) surface as shown in Figs. 3(b) and 3(c), respectively.

The formation energies of FeTa dopants at the two positions
are firstly calculated and compared as a function of chemical
potential of oxygen [Fig. 3(d) and Supplementary material:
Calculation methods]. It can be seen that the formation energies
of the substitutional FeTa decreases with increasing chemical
potential of oxygen for both atomic positions. In oxygen-rich
condition, the formation energies of FeTa dopant in bulk and
on (200) surface of Ta2O5 are as low as −2.0 and −2.7 eV,
respectively. It suggests that Fe is favorable to substitute Ta
when growing the Fe-doped Ta2O5 nanolayer under high oxy-
gen partial pressure. Notably, the Fe-doped Ta2O5 samples are
fabricated under high oxygen partial pressure, which thus

Figure 2. (a) OER LSV polarization curves of Fe-doped Ta2O5 with Fe concentration varying from 0 to 10 at.% in 1 M KOH at a scan rate of 10 mV/s. The LSV
polarization curve for pure α-Fe2O3 is also shown for comparison. The iR loss from solution resistance is compensated via voltage correction. (b) Onset
overpotential and overpotential at 10 mA/cm2 as a function of Fe concentration in Ta2O5. (c) The corresponding Tafel plots derived from (a) for the Fe-doped
Ta2O5 samples. (d) Tafel slope as a function of Fe concentration in Ta2O5. Onset overpotentials were determined based on the beginning of linear regime in the
Tafel plot (Supplementary material: Fig. S2). (e) OER LSV polarization curves of the pure Ta2O5 sample with (solid line) and without (dotted line) acid treatment.
(f) OER LSV polarization curves of the 5 at.% Fe-doped Ta2O5 sample with (solid line) and without (dotted line) acid treatment.
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benefit the formation of substitutional FeTa in Ta2O5 matrix.
Moreover, the formation energy of FeTa on the (200) surface
is always 0.7 eV lower than that of FeTa in bulk Ta2O5, indicat-
ing that Fe is more favorable to substitute Ta on surface than in
bulk. As the catalytic kinetics and activity are mainly deter-
mined by the interactions between intermediates and surface,
the FeTa close to the surface is anticipated to be effective in
manipulating the surface property and enhancing the OER per-
formance of the Fe-doped Ta2O5 system.

To evaluate the OER catalytic activity of the (200) surface
of Fe-doped Ta2O5, four elementary steps of the OER process
with intermediates of HO*, O*, and HOO* are considered as
seen in Fig. 4(a).[12,30] Each elementary step is associated
with a free-energy change of ΔG1–4, in which the largest ΔG
limits the overall OER activity called potential limiting step
(PLS). Therefore, the calculated onset overpotential can be
obtained by the formula η = max [ΔG1, ΔG2, ΔG3, ΔG4]−
1.23 (V), where the 1.23 V refers to the equilibrium potential
of oxygen evolution for standard hydrogen electrode. The η
represents the overpotential required by thermodynamics to
start OER and serves as the key descriptor for evaluating
OER activity. The binding strength between the intermediates

and catalyst’s surface largely determines the η value.[30]

Please refer to our previous work for detailed evaluation
method of OER catalytic activity via first-principles
approach.[12] Our previous study shows that only one oxygen
site on (200) surface of pure Ta2O5 is active in OER cataly-
sis.[12] There is another inert oxygen site on pure (200) surface
possessing a high calculated onset overpotential of 0.65 V with
PLS of O* to HOO*. Thus, activating the inert oxygen site
toward OER catalysis is critical for further enhancing the
OER activity. Interestingly, when an FeTa substitutional dopant
is incorporated and connected to the surface oxygen site, the
calculated onset overpotential drops to as low as 0.21 V with
PLS of HO* to O* as shown by the free-energy diagrams in
Fig. 4(b). It can be seen that when an electrode potential of
U≥ 1.44 V is applied, OER will take place continuously on
the surface because of the all-negative free-energy changes
(green diagram). Therefore, the FeTa dopant generates a new
active oxygen site toward OER on (200) surface of Ta2O5,
enhancing the OER activity. The decrease in calculated onset
overpotential induced by the surface FeTa dopant might be
due to the electron transfer between FeTa dopant and the coor-
dinated oxygens. The calculated onset overpotential (0.21 V)

Figure 3. (a) Unit cell model of λ-Ta2O5 structure. (b) Atomic model of substitutional Fe dopant in bulk Ta2O5. (c) Atomic model of substitutional Fe dopant on
the (200) surface of Ta2O5. (d) Formation energy of Fe substituted Ta (FeTa) as a function of chemical potential of oxygen.

Research Letter

MRS COMMUNICATIONS • VOLUME 7 • ISSUE 3 • www.mrs.org/mrc ▪ 567
https://doi.org/10.1557/mrc.2017.55 Published online by Cambridge University Press

https://doi.org/10.1557/mrc.2017.55


agrees well with the experimental value (0.22 V).[24,30] It sug-
gests that the Fe-doped Ta2O5 can be another economical and
efficient OER catalytic system for future clean energy
applications.

Apart from the amount of active OER sites, electronic con-
ductivity of the catalyst also strongly affects the experimental
overpotential.[11,20] The active OER sites on catalytic surface
shall be electrically connected to the conductive electrode,
which requires efficient charge transfer over the catalyst and
the electrode. Therefore, conductive catalysts of metallic
behavior are the most favorable. Unfortunately, Ta2O5 is a well-
known insulator with a large bandgap, which is intrinsically
poor in electron transfer. To meet the challenge, FeTa dopant
can be used to tune the electronic property of Ta2O5 matrix
by introducing additional energy states in bandgap. The DOS
plot of pure Ta2O5 in Fig. S4(a) (Supplementary material)
shows a large calculated bandgap of 3.8 eV indicating the insu-
lating behavior of the Ta2O5 matrix. Notably, after doping FeTa,
dense energy states appear within the bandgap and near the
Fermi level, making the bandgap vanish. It suggests that FeTa
dopants can increase the conductivity of the Ta2O5 matrix and
accelerate the electron transfer. Furthermore, the projected den-
sity of states (PDOS) plot of Fe, O, and Ta of Fe-doped Ta2O5 in
Fig. S4(b) (Supplementary material) demonstrates that the
energy states near the Fermi level are dominated by oxygen.
It is also confirmed by the partial charge density in Fig. S4(c)
(Supplementary material) that the charges near the Fermi

level are mainly distributed around the oxygens in connection
with FeTa. It can be attributed to the Fe 3d–O 2p hybridization
agreeing well with the XPS analysis (Fig. 1(d) and
Supplementary material: Fig. S3). Thus, we argue that the
FeTa dopants can promote rapid electron transfer over oxygens.
It is recalled that an oxygen site on surface is identified as the
active OER site in Fe-doped Ta2O5 [Fig. 4(a)]. Therefore, the
accelerated electron transfer over oxygens induced by FeTa
dopants can effectively reduce the overpotential and benefit
the OER catalytic performance of the Fe-doped Ta2O5 system.

Conclusions
In summary, we report Fe-doped Ta2O5 to be an economical
catalytic system toward efficient OER via a combined experi-
mental and first-principles study. Fe dopants (5 at.%) can
enhance the OER current density of Ta2O5 nanolayer by as
large as ∼47% from 74 to 109 mA/cm2 at an overpotential of
0.5 V. The 5 at.% Fe-doped Ta2O5 catalyst has a low onset
overpotential of 0.22 V, an overpotential of 0.38 V at 10 mA/
cm2 and a small Tafel slope of 54 mV/dec, which serves as a
promising candidate to replace the precious Ru- and Ir-based
catalysts. Furthermore, first-principles simulation demonstrates
that substitutional FeTa dopants favor to form on Ta2O5 surface,
which generate a new active OER site on surface and hence
directly enhance the OER activity. Meanwhile, the FeTa dop-
ants are able to reduce the bandgap of Ta2O5 and accelerate
the electron transfer over oxygens, benefiting the OER catalytic
performance. Our development and understanding of the
Fe-doped Ta2O5 system extend the applications of the earth-
abundant Fe element in transition metal oxides for enhancing
the OER efficiency and open up new opportunity of designing
economical OER catalysts for renewable energy technologies.

Supplementary material
The supplementary material for this article can be found at
https://doi.org/10.1557/mrc.2017.55
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